Abstract
Introduction
Chelated lanthanoid ions represent a unique class of luminescent compounds that feature both narrow-band emission in the visible and near infrared (NIR) regions as well as long luminescent excited state lifetimes, due to the Laporte forbidden character of the f-f transitions involved. [2, 3] Their relative resistance toward oxygen quenching allows work in aerated solution, making these chelate complexes ideal candidates for biological applications. [4] [5] [6] [7] In particular, terbium and europium are of primary interest since their higher luminescence quantum yields, together with long luminescence lifetimes, enables time gating of their emission, [6] [7] [8] [9] [10] [11] dramatically lowering background due to short lived autofluorescence from the sample. To optimize their luminescence properties, the Ln(III) cation also requires saturation of its coordination sphere, using a light absorbing ligand which can also act as antenna. [12] The energy difference between the lanthanoid emitting level and the molecular triplet excited state of the ligand is of paramount importance and sensitization efficiency can strongly depend on the energy gap between these excited states. [13, 14] For optimal lanthanoid luminescence, octadentate ligands are of particular interest because they generally fill the coordination sphere of the metal, protecting it from its environment (deleterious non-radiative quenching of the Ln(III) ion from O-H and N-H vibrations of the 3 medium) and allowing better luminescence properties (higher luminescence quantum yields and longer luminescence lifetimes).
We report herein the synthesis of a new octadentate ligand comprised of two L-lysine groups covalently linked via their carboxylic acid functional groups with a propyl diamine chain to form the diamide backbone, 3LI-bis-LYS. The resulting four primary amine functional groups of the 3LI-bis-LYS backbone were used to attach four 1-hydroxy-2-pyridinone (1,2-HOPO) groups (see Chart 1) via amidation and this ligand was complexed to Eu(III) to give [Eu(3LI-
bis-LYS-1,2-HOPO)]
 , which has been evaluated in terms of its thermodynamic stability, and photophysical properties. 
Results and discussion

Synthesis and Design of Ligands
The ligands (Chart 1) feature the 1-hydroxy-2-pyridinone (1,2-HOPO) group, which acts as a bidentate ligand to complex Ln(III) ions efficiently, and the resulting octadentate ligand topology has been shown to form stable ML complexes (where 3LI-bis-LYS-1,2-HOPO 4 ligand is a tetra-bidentate ligand composed of four such 1,2-HOPO moieties). The 1,2-HOPO units can also be linked to form a tetradentate ligand using aliphatic [15, 16] or aromatic spacers [17] via the amide functional groups. For the octadentate topology, we recently reported on the N,N,N',N'-tetrakis-(2-aminoethyl)-ethane-1,2-diamine (H(2,2)-) backbone bearing four 1,2-HOPO units (Chart 1). [18] In the present case, the backbone of the 3LI-bis-LYS-1,2-HOPO ligand differs in terms of the linking point, by the identity of the linking atom and by the length of the linking central group (i.e. propyl instead of ethyl). Hence, for H(2,2)-1,2-HOPO, the central ethyl chain which connects the two tetradentate moieties is substituted via a nitrogen atom in position 3, while 3LI-bis-LYS-1,2-HOPO is substituted via a carbon atom in position 1. It is not anticipated that this difference will increase the degrees of freedom of the system, but it is expected to change the arrangement of the ligand around the Ln(III) cation. The substitution of the nitrogen by a carbon was done in order to avoid having a protonated nitrogen in the backbone bearing 1,2-HOPO units, which causes lower luminescence quantum yields. [18] 
Scheme 1. Synthetic pathway for 3LI-bis-LYS-1,2-HOPO.
The protected backbone 2 was prepared by coupling the activated L-lysine, protected at its two N-termini, to propylene diamine by activating the carboxylic acid with isobutyl chloroformate. This intermediate was deprotected in acidic medium to give 3.
The benzyl protected 1,2-HOPO chromophore was prepared as reported elsewhere [19] and its acid chloride version (4) was prepared in situ using thionyl chloride. [20] This acid chloride (4, 
Complex Stability
The stability of the Eu(III) complex in aqueous medium was determined by competition batch titration ( Figure 1) , the pEu's were determined to be 18.35 [16] and 21.2, [18] respectively, an increase of almost three orders of magnitude in stability due to the enhanced chelate effect arising from an octadentate versus bis-tetradentate complex. a: see reference [16] ; b: see reference [18] UV-visible absorption spectroscopy
The UV/visible absorption spectra of the Eu(III) complexes in 0.1 M aqueous TRIS buffer at pH= 7.4 are shown in Figure 2 and the data are summarized in Table 2 transition for these spectra can be assigned to a * transition with some n* character as described elsewhere. [16] The 
Luminescence of Gd(III) complexes
To estimate the energies of the ligand-based triplet excited state, the Gd(III) complexes were prepared and studied. Gadolinium is a 4f 
Luminescence of Eu(III) complexes
The steady state emission spectra, the luminescence quantum yields and luminescence lifetimes of the Eu(III) complexes were measured in 0.1 M aqueous TRIS buffer solution at pH= 7.4. The luminescence lifetimes were also measured in the corresponding deuterated solvents, in order to estimate the number of bound solvent molecules in the inner sphere (i.e.
11 q in water [22] ) using the empirical Horrock's equations. The relevant radiative and nonradiative parameters were also determined following the work of Verhoeven [23] and Beeby [24] , and a complete summary of these data are reported in Tables 3 and 4 .  presents an optimum luminescence quantum yield for the bis-tetradentate complexes of around 20.7% [16] while [Eu(H(2,2)-1,2-
HOPO)]
 has a limited value of 3.6% due to the quenching by a water molecule in the inner sphere of the Eu(III). [18] The measured luminescence quantum yield of [Eu(3LI-bis-LYS-1,2-
 reveals a value of 7.0% that is almost a two fold increase when compared to This improved value of  Eu , the overall europium quantum yield, will also affect the brightness of the complexes (vide supra) ( Table 3) 
In order to determine whether [Eu(3LI-bis-LYS-1,2-HOPO)]
 also possesses an aqua ligand, the luminescence lifetime was also measured in deuterated water yielding a value of 917 µs that is comparable to that of [Eu(5LI-1,2-HOPO) 2 ]  (996 µs). The q number can therefore be obtained (Table 3 ) using the improved Horrocks equation, [22] revealing a value of 0.1, and hence confirming that the lack of aqueous solvent access toward the metal. This difference as Luminescence lifetimes were also determined at 77K, in a solid matrix (Table 3) , to determine whether back energy transfer between the excited state donor triplet and the excited state acceptor manifold of the lanthanoid is present, or alternately whether quenching via a low lying LMCT state can occur. As can be seen from [18] .
Following the work of Verhoeven et al. [23] and Beeby et al. [24] , the efficiency of the sensitization can be estimated using a method that defines the overall europium quantum yield of luminescence ( Eu ) as the product of the efficiency of the intersystem crossing ( ISC ), the efficiency of the energy transfer ( ET ) and the efficiency of metal centred luminescence ( Eu ).
In this equation,  Eu can be calculated knowing the the ratio of the total integrated emission intensity to the intensity of the As can be seen from Table 4 , the radiative and non-radiative decay rates are rather close for 
1,2-HOPO)]
 is attributed to the metal centered efficiency, more generally the octadentate ligand topologies containing 1,2-HOPO chelates result in sensitization efficiencies that are almost two times lower than those of the bis-tetradentate ligands. Unfortunately, the reason for these differences are not yet clear, and remain a topic under current investigation, since further optimization of this crucial parameter will yield highly stable octadentate complexes with superior Eu(III) based luminescence performance.
Conclusion
We have described the synthesis of an octadentate ligand comprising two L-lysine groups attached via amidation of their carboyxlic acid functional groups with a propyl diamine chain. 
[Eu(3LI-bis-LYS-1,2-HOPO)]
 is attributed to the metal centered efficiency while, when comparing the octadentate chelators to the bis-tetradentate, a current limitation we encounter is a decrease in the sensitization efficiency, which is almost two times less efficient for octadentate versus bis-tetradentate ligands. We attribute this in part to changes in the coordination geometry that affect the efficiency of ligand to metal energy transfer.
Experimental
General
Thin-layer chromatography (TLC) was performed using precoated Kieselgel 60 F254 plates.
Flash chromatography was performed using EM Science Silica Gel 60 (230-400 mesh).
NMR spectra were obtained using either Bruker AM-300 or DRX-500 spectrometers operating at 300 ( 
. , was taken to be identical for the aqueous reference and sample solutions. Hence, a plot of integrated emission intensity (i.e. D r ) vs. absorbance at 340 nm (i.e. A r ( λ r )) yields a linear plot with a slope which can be equated to the reference quantum yield Φ r . Quinine sulfate in 0.5 M (1.0 N) sulfuric acid was used as the reference (Φ r = 0.546). [25] By analogy, for the sample, a plot of integrated emission intensity (i.e. D x ) versus absorbance at 340 nm (i.e. A x (λ x )) yields a linear plot and Φ x can then be evaluated. The values reported in the manuscript are the average of four independent measurements.
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Competition Batch Titrations for pEu Determination
The general procedure used to determine the pEu values of the three ligands was adapted from a previously described study of gadolinium [26, 27] and are similar to those reported for other complexes. [18] Different volumes of a standardized DTPA stock solution were added to solutions of constant ligand, metal, and electrolyte concentrations. In the current work the pH 22 of all solutions was kept constant at 7.4 with 0.1M aqueous TRIS buffer instead of adjusting the pH to 6.0 as was done in past studies, [26] and the solutions were diluted to identical volumes. After stirring the solutions for 24 h to ensure thermodynamic equilibrium was reached, the pH was again checked just before analyzing the samples. The concentrations of each ligand relative to DTPA used in the final data analysis ranged from 1:1 to 1:1,000
(L:DTPA). Concentrations of complexed ligand in each solution were determined from the luminescence spectra, using the emission spectra of the fully complexed ligand as a standard.
These concentrations were used for the log/log plots (Figures 1b) to yield the difference in pEu between the competing DTPA and ligand of interest.
